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The intrinsic orbital Hall effect (OHE), the orbital counterpart of the spin Hall effect, was pre-
dicted and studied theoretically for more than one decade, yet to be observed in experiments. Here
we propose a strategy to convert the orbital current in OHE to the spin current via the spin-orbit
coupling from the contact. Furthermore, we find that OHE can induce large nonreciprocal magne-
toresistance when employing the magnetic contact. Both the generated spin current and the orbital
Hall magnetoresistance can be applied to probe the OHE in experiments and design orbitronic
devices.
I. INTRODUCTION
The intrinsic orbital Hall effect (OHE), where an elec-
tric field induces a transverse orbital current, was pro-
posed by the Zhang group [1] soon after the prediction
of the intrinsic spin Hall effect (SHE) [2, 3]. The SHE
was soon observed [4, 5], later applied for the spintronic
devices[6, and references therein], and also led to the sem-
inal discovery of the quantum SHE, i.e., the 2D topolog-
ical insulator [7, 8]. Different from the SHE, the OHE
does not rely on the spin-orbit coupling (SOC), and thus,
it was predicted to exist in many materials [1, 9–18] with
either weak or strong SOC, for example, in metals Al,
Cu, Au, and Pt.
In an OHE device, the transverse orbital current leads
to the orbital accumulation at transverse edges, similar
to the spin accumulation in a SHE device. Zhang et al
[1] proposed to measure the edge orbital accumulation by
the Kerr effect. Recently, Ref. 19 predicted the orbital
torque generated by the orbital current. However, the
OHE is yet to be detected in experiments until today.
The detection of the orbital is rather challenging, because
the orbital is highly non-conserved compared to the spin,
especially at the device boundary.
A very recent work by us proposed [20] that the lon-
gitudinal current through DNA-type chiral materials is
orbital-polarized, and contacting DNA to a large-SOC
material can transform the orbital current into the spin
current. Thus, we are inspired to conceive a similar way
to detect the transverse OHE by converting the orbital
to the spin by the SOC proximity.
In this article, we propose two ways to probe the OHE,
where the strong SOC from the contact transforms the
orbitronic problem to the spintronic measurement. One
way is to generate spin current or spin polarization from
the transverse orbital current by connecting the edge to a
third lead with the strong interfacial SOC. Then the edge
spin polarization and spin current is promising to be mea-
sured by the Kerr effect [4] and the inverse SHE [21–23],
respectively. The other way is to introduce a third mag-
netic lead and measure the magnetoresistance. We call
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FIG. 1. Illustration of the orbital-spin conversion and
the orbital Hall magnetoresistance (OHME). (a) The
orbital Hall effect and the spin polarization/current genera-
tion. Opposite orbitals (red and blue circular arrows) from
the left lead deflect into opposite boundaries. The red and
blue backgrounds represent the orbital accumulation at two
sides. Because of the SOC region (yellow) at one side, the
orbital current is converted into the spin current (indicated
by black arrows). (b) The two-terminal (2T) OHMR. The
third lead is magnetized but open. (c) The three-terminal
(3T) OHMR. The third lead is magnetized and conducts cur-
rent. The 2T/3T conductance between different leads relies
on the magnetization sensitively. The thickness of grey curves
represent the relative magnitude of the conductance.
it the orbital Hall magnetoresistance (OHMR), similar
to the spin Hall magnetoresistance [24, 25]. In our pro-
posal, the OHE refers to orbitals that resemble atomic-
like orbitals, which naturally couple to the spin via the
atomic SOC. We first demonstrate detection principles in
a lattice model by transport calculations. Then we incor-
porate these principles into the metal copper, which has
negligible SOC and avoids the co-existence of the SHE,
as a typical example of realistic materials. In the copper
based device, we demonstrate the resultant spin polariza-
tion/current and very large OHMR (0.3 ∼ 1.3 %), which
are measurable by present experiment techniques.
II. RESULTS AND DISCUSSIONS
A. Methods and General Scenario
To detect the OHE, we introduce an extra contact with
the strong SOC on the boundary of the OHE material,
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2as shown in Figure 1. This device can act for both two-
terminal (2T) and three-terminal (3T) measurements (or
more terminals). In theoretical calculations, we com-
pletely exclude SOC from all leads so that we can well
define the spin current. We also remove SOC in the OHE
material, the device regime in the center, to avoid the ex-
istence of SHE. Only finite atomic SOC is placed in the
interfacial region (highlighted by yellow in Figure 1) be-
tween the OHE and the third lead.
We first prove the principle by a simple square-lattice
model that hosts OHE. As shown in the inset of Figure
2(a), a tight-binding spinless model is constructed, with
three orbitals s, px and py assigned to each site. Under
the above basis, the atomic orbital angular momentum
operator Lˆz is written as
Lˆz = h¯
0 0 00 0 −i
0 i 0
 (1)
And three eigenstates p± ≡ (px ± ipy)/
√
2, s correspond
to eigenvalues Lz = ±1, 0, respectively. After consider-
ing the nearest neighboring hopping, the Hamiltonian is
written as
H(kx, ky) =
 Es + 2ts cos kxa+ 2ts cos kya −2itsp sin kxa −2itsp sin kya2itsp sin kxa Epx + 2tpσ cos kxa+ 2tppi cos kya 0
2itsp sin kya 0 Epy + 2tppi cos kxa+ 2tpσ cos kya

(2)
where Es, Epx and Epy are onsite energies of s, px and py
orbitals. ts, tpσ, tppi, tsp are electron hopping integrals
between s orbitals, σ type oriented p orbitals, pi type
oriented p orbitals, and s and p orbitals, respectively. In
the following calculations, their values are specified as
Es = 1.3, Epx = Epy = −1.9, ts = −0.3, tpσ = 0.6,
tppi = 0.3, and tsp = 0.5, in the unit of eV. To realize
the OHE, it requires the inter-orbital hopping to induce
the transverse Lz current. Since px and py orbital are
orthogonal under the square lattice geometry, the inter-
orbital hopping tsp becomes the critical parameter that
controls the existence of the OHE. Then we introduce the
atomic SOC on the boundary to demonstrate the OHE
detection by λsocSˆz · Lˆz, where Sˆz is the spin operator.
We estimate the OHE conductivity (σOH) with the
orbital Berry curvature in the Kubo formula [26, 27],
σOH =
e
h¯
∑
n
∫
d3k
(2pi)3
fnkΩ
Lz
n (k) (3)
ΩLzn (k) = 2h¯
2
∑
m 6=n
Im[
〈unk| jLzy |umk〉 〈umk| vˆx |unk〉
(Enk − Emk)2 ]
(4)
where ΩLzn (k) is the “orbital” Berry curvature for the
nth band with Bloch state |unk〉 and energy eigenvalue
Enk. fnk is the Fermi-Dirac distribution function. vx
is the x component of the band velocity operator while
jLzy is the orbital current operator in the y direction, de-
fined as jLzy = (Lˆz vˆy + vˆyLˆz)/2. Therefore, the above
formula indicates that the interband perturbation in-
duces the orbital Berry curvature, further reiterating
the importance of inter-orbital hopping. We also note
that, the orbital Berry curvature is even under the time-
reversal symmetry or the spatial inversion symmetry,
ΩLzn (k) = Ω
Lz
n (−k).
For the device schematically presented in Figure 1, we
calculated the conductance by the Landauer-Bu¨ttiker for-
mula [28] with the scattering matrix from lead i to lead
j,
Gi→j =
e2
h
∑
n∈j,m∈i
|Snm|2, (5)
where Smn is the scattering matrix element from the m-
th eigenstate in lead i to the nth eigenstate in lead j.
In all three leads (i, j = 1, 2, 3), spin (Sz =↑↓) is a con-
served quantity because of the lack of SOC. We turn
off the inter-orbital hopping in leads so that Lz is also
conserved, i.e., Lz commutes with the Hamiltonian (See
Supplementary Materials). Therefore, with the spin and
orbital conserved leads, we can specify the conductance
in each Sz and Lz channel, and define the orbital- and
spin-polarized conductance as:
GijSz = G
i→j↑ −Gj→j↓ (6)
GijLz = G
i→j+ −Gi→j−, (7)
where GijSz(Lz) is the conductance from lead i to the
Sz(Lz) channel of lead j. G
i→j0 is omitted here since
Lz = 0 contributes no polarization. We performed the
conductance calculations with the quantum transport
package Kwant [29].
As illustrated in Figure 1(a), electrons with the op-
posite orbital angular momentum deflect into transverse
directions in the OHE region, resulting in the transverse
orbital current. Therefore, orbital accumulates at two
sides, and the orbital polarization emerges. To detect the
orbital polarization, atomic SOC is added at one side, as
highlighted by yellow in Figure 1(a). After electron de-
flecting into the SOC region, the right-handed orbital
(red circular arrows) is converted to the up spin polar-
ization. If a third lead is further attached, the SOC re-
gion converts the orbital current into the spin current.
3If the third lead exhibits magnetization along z (Mz)
(Figure 1(b) and 1(c)), inversely, the OHE induces the
OHMR, relying on whether Mz is parallel or anti-parallel
to the generated spin polarization. In the 2T measure-
ment (Figure 1(b)), the conductance from lead 1 to lead 2
(G1→2) changes when the Mz direction is reversed. And
the changing direction of G1→2 depends sensitively on
the size of the device, due to the complex orbital accu-
mulation and reflection with an open lead. While for its
spin counterpart, the SHE-induced magnetoresistance is
commonly measured in a 2T setup [24, 25]. In the 3T
device (Figure 1(c)), the situation is simpler since the
transverse orbital current can flow into the third lead.
If Mz and spin polarization is parallel (anti-parallel), the
transverse orbital current matches (mismatches) the lead
magnetization, resulting in the high (low) G1→3 and low
(high) G1→2 accordingly. We point out that the 3T mea-
surement is usually more favorable than 2T, since the 3T
device avoids the 2T reciprocity constrain [30] and the
conductance change [∆G = G(Mz) − G(−Mz)] is also
relatively larger in the third lead, as discussed in the fol-
lowing.
B. Spin Polarization and Spin Current Generated
by the OHE
The band structure weighted by the orbital Berry cur-
vature for the square lattice is plotted in Figure 2(a).
The highest band corresponds to the s orbital dispersion,
while two lower bands are dominated by p orbitals. The
orbital Berry Curvature concentrates near the Γ point,
M point and Γ-M line in the Brillouin zone, where band
hybridization is strong. After integrating ΩLz in the Bril-
louin zone, the orbital Hall conductivity is derived and
presented in Figure 2(a). It shows that, due to the inter-
orbital hopping tsp, states below (p orbitals) and above (s
orbital) Fermi level both exhibits significant σOH . How-
ever, if tsp is turned off so that Lz is conserved, both ΩLz
and σOH vanishes.
Based on the square lattice with finite tsp, the 2T de-
vice is constructed, as shown in Figure 2(b). Without
SOC at two sides, the orbital density distribution is plot-
ted in Figure 2(c), which shows that opposite orbitals
accumulate and polarize at two boundaries. With SOC
turned on, spin density appears and largely concentrates
on the local SOC atoms, which is promising to be de-
tected by the Kerr effect [4]. Since SOC couples the p+
(p−) orbital to the ↑ (↓) spin and forms the |jm = 32 〉
(|jm = − 32 〉) state, the spin density near the SOC region
largely follows the orbital density pattern: positive at
the upper side and negative at the lower side. To ver-
ify that the spin polarization is directly induced by the
OHE rather than SOC, we turned off the OHE by setting
tsp = 0 eV and preserve the SOC at the interface. The
supplementary Figure S2 shows that both the orbital and
spin polarization disappear.
On the basis of 2T device, a third lead is attached to
FIG. 2. Orbital-spin conversion in the two terminal
(2T) and three terminal (3T) device. (a) Band struc-
ture of the square lattice with tsp = 0.5 eV (left) and the
orbital Hall conductivity with tsp = 0.5 eV and tsp = 0.0 eV
(right). In the inset, the tight binding model of the square
lattice is presented. (b) 2T and 3T detection devices, where
larger spheres at two sides represent SOC regions. The yel-
low spheres at left, right and upper sides represent leads. (c)
Orbital and spin density distribution in the 2T setup, at the
energy level of 0.2 eV. (d) Total, orbital and spin conductance
from lead 1 to lead 3 with (left) and without (right) SOC.
the SOC side to form a 3T device, as shown in Figure
2(b). Therefore, rather than the orbital accumulation,
the orbital current will flow into the third lead and gen-
erate the spin current. Figure 2(d) shows that the orbital
current from lead 1 to lead 3 (G13Lz ) exists with and with-
out SOC at the interface. For instance, for states above
Fermi level, Lz = +1 states are more easily transported
into lead 3 than Lz = −1 states, and thus polarizes the
lead, being consistent with the positive orbital polariza-
tion at the upper side in Figure 2(c). On the other hand,
for the spin conductance, it only appears when turning on
SOC, and the energy dependence of G13Sz largely follows
the orbital conductance, further demonstrating the spin
generation process from the orbital. If we increase the
SOC strength, G13Sz increases accordingly, because of the
higher orbital-spin conversion efficiency (see Figure S3).
We also test orbital non-conserved leads with nonzero
tsp, whose spin conductance remains the similar feature
(see Figure S4).
C. Orbital Hall Magnetoresistance
As discussed above, the current injected into lead 3 is
spin-polarized. When lead 3 is magnetized along the z
axis, we expect the existence of magnetization-dependent
conductance, i.e. G13(Mz) 6= G13(−Mz). From the cur-
4FIG. 3. Orbital Magnetoresistance with magnetic leads. (a) 2T and 3T detection devices with the exchange field ±Mz
in the open and conducting lead 3. Larger spheres represent the interfacial SOC region. (b) Total conductance from lead 1 to
lead 2 in ±Mz field in the 2T device, with the dephasing term η set to 0.001. In the inset, the dephasing dependent ∆G12 for
the peak inside the circle is presented. (c) Total conductance from lead 1 to lead 2 in ±Mz field in the 3T device. (d) Total,
(e) Spin and (f) Orbital conductance from lead 1 to lead 3 in ±Mz field in the 3T device. In all these calculations, λSOC and
Mz is set to 0.2 eV and 0.4 eV, respectively.
rent conservation [30], we deduce the relation,
∆G13 = −∆G12 (8)
where ∆Gij ≡ Gij(Mz) − Gij(−Mz). To demonstrate
this, Mz is introduced to lead 3 as an exchange field to
the spin, as shown in the 3T setup in Figure 3(a). Results
in Figure 3(c) and 3(d) indicate that ∆G12 and ∆G13
can reach several percentage of the total conductance at
some energies. We also confirm that ∆G12 and ∆G13 are
proportional to the exchange field strength (see Figure
S5).
To understand the orbital induced magnetoresistance,
the spin and orbital conductance from lead 1 to lead 3 are
calculated. As shown in Figure 3(e), G13Sz almost changes
its sign when flipping Mz in lead 3, as expected. And G
13
Sz
now inversely affects G13Lz because of the interfacial SOC.
When further comparing Figure 3(d) and 3(f), we found
that the change of the magnitude of G13Lz is proportional
to the change of total conductance ∆G13. Therefore,
it verifies the scenario in Figure 1(c): when the orbital
matches the spin in magnetic leads, G13Lz and thus G
13 is
higher while G12 is accordingly lower. Thus, it indicates
the essential role of the orbital in connecting charge and
spin in the transport.
However, the 2T results exhibit qualitatively different
features from the 3T results. According to the reciprocity
relation [30], the 2T conductance obeys G12(Mz) =
G12(−Mz). Only when the current conservation is bro-
ken, one may obtain the 2T magentoresistance. There-
fore, we introduce a dephasing term iη to leak electrons
into virtual leads [31] to release the above constrain. As
shown in the inset of Figure 3(b), the ∆G12 is zero at
η = 0, first increases quickly and soon decreases as fur-
ther increasing η. In the large η limit, the system is to-
tally out of coherence and thus, the conductance cannot
remember the spin and orbital information. We note that
the dephasing exists ubiquitously in experiments due to
the dissipative scattering for example by electron-phonon
interaction and impurities.
For the same Mz, the 2T ∆G
12 (Figure (3b)) roughly
exhibits the opposite sign compared to the 3T ∆G12 (Fig-
ure (3c)) in the energy window investigated. Unlike that
∆G13 follows the change of G13Lz (Figure (3f)), the change
direction of G12 depends on the geometry of the 2T de-
vice (see Figure S6). The magnitude of the 2T ∆G12
also depends sensitively on the value of η. Its peak value
(Figure (3b)), with η around 0.001, is comparable with
the 3T value in the same parameter regime. However,
5the 3T conductance avoids the strict constrain of the 2T
reciprocity, and the existence of 3T OHMR does not rely
on the dephasing. Furthermore, in the 3T setup, the
magnetoresistance ratio ∆G13/G13 in the third lead is
also larger than ∆G12/G12, because of the lower total
conductance of G13. Therefore, we propose that the 3T
setup may be more advantageous to detect the OHE.
D. Realistic Material Cu
Based on the simple square lattice model, we demon-
strate two main phenomena, the OHE-induced spin po-
larization / spin current current assisted by the atomic
SOC on the boundary and the existence of OHMR. We
further examine them in a realistic material Cu. This
light noble metal is predicted to exhibit the strong OHE.
As shown in Figure 4(a), the 2T (without lead 3) and
3T devices are composed of Cu (without SOC) in both
the scattering region and leads, and the heavy metal Au
(with SOC) at two boundaries. We adopted the tight-
binding method to describe the Cu and leads, where 9
atomic orbitals (s, px, py, pz, dz2 , dx2−y2 , dxy, dyz, dzx)
are assigned to each site. The nearest-neighboring and
the second-nearest-neighboring hoppings are considered
with the Slater-Koster type parameters from Ref. 32. For
the heavy metal Au at two sides, the SOC strength is
set to 0.37 eV as suggested by Ref. 32. With the tight-
binding approach, the first-principles band structure of
Cu is reproduced (see Figure S7).
As shown in Figure 4(b), the orbital Berry curvature
concentrates on the d orbital region (−4 eV ∼ −2 eV)
due to the orbital hybridization, consistent with previ-
ous works [12, 15]. After integrating ΩLz, Figure 4(b)
shows that the orbital Hall conductivity is around 6000
(h¯/e)(Ωcm)
−1
in the d orbital region, even larger than
the spin Hall conductivity of Pt. Near the Fermi level, the
orbital Hall conductivity is determined by the s-orbital
derived bands and reduces to around 1000 (h¯/e)(Ωcm)
−1
.
For the 2T device, the orbital and spin density at Fermi
level are plotted in Figure 4(c). The orbital polarization
exists at two sides as a consequence of the OHE. With the
heavy metal Au attached, spin polarization is generated,
which concentrates on Au atoms and follows the orbital
density pattern. To confirm that the spin polarization
is induced by the OHE, we artificially turn off the inter-
orbital hopping in Cu to eliminate the OHE, but still
keep the SOC in the Au region. Result show that both
the orbital and spin polarization disappear (see Figure
S8), in accordance with our prediction.
For the 3T device, we add a third Cu lead to one SOC
side and calculate the spin conductance from lead 1 to
lead 3 (G13Sz ). As shown in Figure 4(d), the generated
spin conductance displays an energy-dependence similar
to the bulk σOH . Near the Fermi level, the spin polar-
ization rate can reach 4 %, and it is even around 20%
in the d orbital region. Therefore, a sizable spin current
can also be generated from the OHE by adding an inter-
facial SOC layer. Similarly, when artificially switching
off the OHE of Cu but keeping the Au part, the spin cur-
rent disappears, eliminating the contribution of the SHE
brought by the thin Au layer (see Figure S9).
We also studied the OHMR by applying an exchange
field Mz in the lead 3. We choose Mz = 0.95 eV ac-
cording to the approximate spin splitting in the tran-
sition metal Co (see Figure S10). As shown in Figure
4(e) and 4(f), the 3T OHMR is rather large, where we
find ∆G12/G12 ≈ 0.3% and ∆G13/G13 ≈ 1.3% at the
Fermi level. In experiment, the SHE magentoresistance is
around 0.05 ∼ 0.5% (see Ref. 33 for example). Therefore,
the sizable OHMR in copper can be fairly measurable by
present experimental techniques. We should point out
that similar effects can be generalized to other OHE ma-
terials like Li and Al [15].
III. SUMMARY
In summary, we have proposed the OHE detec-
tion strategies by converting the orbital to spin by
the interfacial SOC, and inducing the strong spin cur-
rent/polarization. Inversely, the OHE can also generate
the large nonreciprocal magnetoresistance when employ-
ing the magnetic contact. We point out that, compared
to the two-terminal one, the three-terminal OHMR does
not require the dephasing term , and may be more ad-
vantageous to detect the OHE. Using the device setup
based on the metal Cu, we demonstrate that the gener-
ated spin polarization and OHMR are strong enough to
be measured in the present experimental condition. Our
work will pave a way to realize the OHE in experiment,
and further design orbitronic or even orbitothermal de-
vices for future applications.
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